The recent LIGO-Virgo detection of gravitational waves from a binary neutron star inspiral event GW170817 and the discovery of its accompanying electromagnetic signals mark a new era for multimessenger astronomy. In the coming years, advanced gravitational-wave detectors are likely to detect tens to hundreds of similar events. Neutron stars in binaries can possess significant spin, which is imprinted on the gravitational waveform via the effective spin parameter χ eff . We explore the astrophysical inferences made possible by gravitational-wave measurements of χ eff . First, using a fiducial model informed by radio observations, we estimate that ≈ 15 − 30% of binary neutron stars should have spins measurable at 90% confidence level by advanced detectors assuming the spin axis of the recycled neutron star aligns with the total orbital angular momentum of the binary. Second, using Bayesian inference, we show that it is possible to tell whether or not the spin axis of the recycled neutron star tends to be aligned with the binary orbit using 30 detections. Finally, interesting constraints can be placed on neutron star magnetic field decay after 300 detections, if the spin periods and magnetic field strengths of Galactic binary neutron stars are representative of the merging population.
I. INTRODUCTION
On August 17, the LIGO [1] and Virgo [2] detectors observed GW170817, the first gravitational-wave (GW) signal from a binary neutron star (BNS) merger [3] . The discoveries of an electromagnetic counterpart, visible across the electromagnetic spectrum, ushered in the highly-anticipated era of multimessenger astronomy [4] [5] [6] [7] [8] . Improved merger rate estimates now indicate that around 10-200 detections of BNS mergers are expected per year of operation at design sensitivities for Advanced LIGO and Virgo [3, 9, 10] . This will enable detailed studies of the population properties of BNS systems.
In 1974, the first pulsar in a BNS system PSR B1913+16 was discovered in radio pulsar surveys [11, 12] . There are now 18 BNS systems known in our Galaxy; see Ref. [13] for a recent review and note that 4 new systems were discovered in the past year. Of particular significance is the Double Pulsar PSR J0737−3039A/B [14, 15] . It remains the only BNS system in which both stars can be observed as radio pulsars. In the standard scenario, the recycled NS in a BNS system gets spun up by accreting matter and angular momentum from its companion [16] [17] [18] [19] [20] . The final spin period depends on the rate and duration of the accretion process. There is a tendency for the spin periods of the recycled pulsars to be shorter in closer systems [13] . This is because in a wider BNS progenitor system, the companion of the first born NS, usually a helium star, is more evolved when * xingjiang.zhu@monash.edu the mass transfer phase starts. Therefore, the first born pulsar generally has less time to gain angular momentum before its companion detonates as a supernova.
It is generally believed that NS spin down due to the loss of rotational energy by powering magnetically driven plasma winds [21] [22] [23] . Magnetic fields play a key role determining the astrophysical character of a NS (see [24] and references therein). Understanding the evolution of magnetic fields will give insights into both the physics of NS interiors and the observed population of pulsars in the Galaxy. In this paper, we demonstrate that GW measurements of NS spins may shed new light on NS magnetic field evolution.
The spin of merging compact objects is imprinted on the gravitational waveform. While there are six degrees of freedom describing the two spin vectors, the gravitational waveform depends primarily on a single combination of parameters called the effective spin parameter [25, 26] χ eff ≡ m 1 χ 1 cos(θ 1 ) + m 2 χ 2 cos(θ 2 )
Here, (θ 1 , θ 2 ) are the angles between the spin vectors and the orbital angular momentum vector, (m 1 , m 2 ) are component masses, and (χ 1 , χ 2 ) are the dimensionless spin magnitudes of the merging objects [27] [28] [29] ,
Here, i ∈ {1, 2}, I is the NS moment of inertia, and ω is the angular spin frequency. Physically, χ eff is the massweighted sum of the spin projections along the axis of the orbital angular momentum. The presence of spins affects the gravitational-wave phase evolution. As χ eff is increased above zero, the merger takes place at a higher frequency, and produces a relatively longer signal in the observing band. Conversely, as χ eff is made increasingly negative, the merger takes place at a lower frequency, producing a relatively shorter signal.
In the case of stellar-mass binary black hole mergers, it has been shown that GW measurements of spin can be used to distinguish different formation channels (see, e.g., [30] [31] [32] [33] ). Black holes formed through isolated binary evolution are expected to spin in alignment with the binary orbital angular momentum, whereas the spin orientation of black holes in dynamically formed binaries is likely to be isotropically distributed. By combining multiple detections, it is possible to constrain the typical misalignment angle of black hole spins and infer the relative fraction of different subpopulations.
While published GW measurements of GW170817 are consistent with χ eff = 0 [3] , advanced detectors operating at design sensitivity may be able to measure statistically significant spin in BNS inspirals. In this paper, we point out that a significant fraction of future LIGOVirgo detections may contain measurable signatures of spin. Combining multiple measurements from an ensemble of BNS signals, it will be possible to constrain the shape of the χ eff distribution from which we can infer interesting NS population properties. In particular, we show that GW measurements can be used to (1) constrain the typical misalignment angle between the NS spin axis and the orbital angular momentum, (2) distinguish different NS equations of state (EOS) and (3) constrain the decay timescale of NS magnetic fields.
The organization of this paper is as follows. In Sec. II, we present fiducial models of χ eff distributions. We start from computing the effective spins of Galactic BNS systems at the time of binary mergers and outline relevant ingredients to build the models. Additional details are provided in Appendices A and B. In Sec. III, we study the sensitivity of advanced detectors to measure NS spins by performing parameter estimation analysis of realistic signal injections with the LALInference package [34] . We also discuss the prospect of detecting χ eff in future BNS detections. In Sec. IV, we present a Bayesian framework for inference of BNS population properties. We demonstrate model selection and hyperparameter estimation using Monte-Carlo data. Finally, in Sec. V, we provide concluding remarks.
II. FIDUCIAL MODELS
A. Expected effective spins for Galactic pulsar-neutron star systems at binary mergers There are 18 Galactic BNS systems observed in the radio band so far (for which details are given in Appendix B); 10 of these binaries are expected to merge within a Hubble time, ranging from about 46 Myr to 2.7 Gyr. We first look at what values of χ eff are expected for Galactic BNS at merger. Pulsar timing observations of these systems yield extremely precise measurements of pulsar spin periods, spin-down rates, orbital periods and eccentricities, and (in most cases) individual masses for both the pulsars and their companions. To compute at-merger χ eff , three additional ingredients are needed.
First, an EOS model is used to convert spin periods P to spin magnitudes χ. Our fiducial choice is the AP4 EOS but we also consider the PAL1 model (see [44] and references therein). We note that these two models both survive the 2M pulsar constraint (see [45] for a recent review). For a NS mass of 1.4M , the NS radius is 11 km and 14 km for AP4 and PAL1, respectively. The fastest spinning NS in a BNS system that will merge within a Hubble time, J1946+2052, has P = 17 ms [35] . Assuming a pulsar mass of 1.25M , this corresponds to a χ of 0.031 and 0.043 for AP4 and PAL1, respectively.
Second, we assume that NS spin down due to magnetic dipole braking 1 . Our standard choice for NS magnetic field evolution is that the magnetic field remains constant over time. We also consider a model in which the magnetic field decays exponentially 2 with a typical timescale τ B = 170 Myr [24] . Magnetic field decay leads to higher χ eff because the source of spin-down disappears. But the exact amount of increment depends on τ B and merger time. For example, PSR J1946+2052 has the shortest merger time T c = 46 Myr, the at-merger spin period is found to be 18.2 ms and 18.0 ms for the constant magnetic field and decaying magnetic field cases, respectively. On the other hand, for PSR B1534+12 the spin period would increase from its current 38 ms to only 44 ms if the magnetic field decays on a 170 Myr timescale; the final spin period would be 131 ms if its magnetic field remains constant over the course of 2.7 Gyr.
Third, we assume that the spin axis of the recycled NS is aligned with the total binary orbital angular momentum. This is a plausible assumption given that the only measured misalignment angle (which comes from the Double Pulsar) is small: < 3.2
• at 95% confidence, assuming that the observed emission comes from both magnetic poles which is the scenario favored by radio data [46] . In an alternative to our fiducial models of χ eff distribution that is described below, we also relax this assumption and adopt an isotropic distribution of spin orientations.
Throughout this paper, we consider the standard binary formation channel where a binary consists of a recycled NS and a nonrecycled NS. We further assume that nonrecycled NS possess negligible spins at the time of ), the relative merger rate R = 1/Tc with Tc being the binary coalescence time; chirp mass Mc, mass ratio q (defined to be ≤ 1), masses for the pulsar mp and its companion mc, the corresponding tidal deformability parameters Λp and Λc (assuming AP4 EOS) and Λ which determines the leading contribution of tidal effects to gravitational-wave phase evolution. We assume q = 1 for the recently discovered J1946+2052 for which only total mass is measured. For comparison, we also include relevant properties of GW170817. The range of each parameter is the 90% confidence interval calculated assuming the low-spin prior.
binary mergers. This is motivated by the following observations: 1) PSR J0737−3039B of the Double Pulsar has P = 2.8 s which corresponds to χ ∼ 10 −4 . 2) PSR J1906+0746 is another nonrecycled pulsar in a BNS system 3 . Its current spin period (144 ms) corresponds to χ ≈ 0.004. Having a much higher spin-down rate (Ṗ = 2×10 −14 ) than PSR J0737−3039B (Ṗ = 9×10 −16 ), it is expected to merge with χ < 10 −3 . In Table I we list effective spins at merger for nine Galactic BNS that contain a recycled pulsar and that will merge within a Hubble time. We calculate χ eff four different ways:
• χ It is noted that the possibility of a massive white dwarf companion can not be ruled out from radio observations. We take it as a BNS since its orbital characteristics and mass estimates are consistent with other Galactic BNS systems.
≈ 40% higher than those obtained for χ 
B. Fiducial models of BNS spin distribution
In order to link GW measurements to NS evolution, we need to know π(χ eff |M, Ξ): the probability density function for the effective spin parameter χ eff at merger given a model M with population hyperparameters Ξ. The idea is that by measuring χ eff , we can make inferences about the NS population properties described by the hyperparameters Ξ. For example, we investigate our ability to constrain the NS magnetic field decay timescale τ B ∈ Ξ. Here we present a suite of fiducial models that represent plausible distributions of π(χ eff |M, Ξ) for illustrative purposes. Such models result from a natural extension of different scenarios considered in the previous section for Galactic BNS.
To construct each fiducial model, we first construct the probability density function π( ξ 0 ) for a vector of parameters ξ 0 describing the BNS system at the time of its birth. These parameters include: masses for the recycled NS (m p ) and its companion (m c ), spin period P and magnetic field strength (B 0 ) of the recycled NS, binary orbital period P b and eccentricity e 0 . This six-dimensional FIG. 1. Probability density distribution of χ eff expected for a population of BNS inspiral events for four different models (Table II) , as compared to the low-spin prior usually used in gravitational-wave data analysis. The vertical shaded region indicates a plausible range expected for Galactic BNS systems extrapolated at merger (Table I) .
distribution is constructed using observations of known Galactic BNS systems (see Appendix B for details). We generate Monte-Carlo samples using π( ξ 0 ) and follow the same procedure as described in Sec. II A to obtain the distribution of χ eff at merger.
We construct four fiducial models, labeled as Standard, Iso Spin, B Decay, and Diff EOS. Each model corresponds to a different vector of hyperparameters Ξ as detailed in Table II. Our standard model adopts the AP4 EOS and assumes a) the spin axis of the recycled NS is aligned with the total binary orbital angular momentum and b) the magnetic field decay time is long compared to the age of the Universe (i.e., no magnetic field decay).
The Iso Spin model is identical to the Standard model except we assume that cos θ 1 is drawn from a uniform distribution. To be clear, we think that it is likely that cos θ 1 ≈ 1 for the vast majority of BNS. We put forward the Iso Spin model as a means of falsifying this plausible assumption.
The B Decay model is identical to Standard, except that we assume an exponentially decaying magnetic field with a decay timescale τ B = 170 Myr. The Diff EOS model is identical to Standard, except that we use the PAL1 EOS instead of AP4.
The distributions π(χ eff |M ) for our four fiducial models are shown in Fig. 1 . For reference, the shaded vertical band indicates a plausible range of χ eff expected at merger for nine Galactic BNS systems listed in Table I. The black dashed curve shows the low-spin prior used in the analysis of GW170817 [3] . We use the same prior for our simulations presented in the next section. We compute this prior by assuming a flat distribution in (−0.05, 0.05) for χ 1 and χ 2 , a uniform distribution for cos θ 1 and cos θ 2 between −1 and 1, and a uniform distribution for q between 0.125 and 1. The shape of the χ eff prior is determined primarily by the first two assumptions with little dependency on the prior of q.
There are a number of interesting features worthy of remark in Fig. 1 . First, for all models except Iso Spin, a significant fraction of BNS are characterized by relatively large spins with χ eff > 0.01: 25% for Standard up to 45% in Diff EOS. These results are consistent with Table I .
Second, we note that, for our four models, essentially all of the BNS possess |χ eff | < 0.05. While this is consistent with the low-spin prior usually used in GW parameter estimation, it is worth noting that: 1) our models predict χ eff > 0, except Iso Spin which is used as an alternative. 2) Although quite unlikely, it is possible that recycled NS have χ > 0.05, with about 2% probability in Standard to 6% probability in Diff EOS. 3) Negligible spins are expected for nonrecycled NS.
Third, there are clear differences between different models. In the Standard model, χ eff is found to be between 0 and 0.04 with 99.7% probability. In the Iso Spin model, the distribution is symmetric with respect to zero spin and |χ eff | 0.02. Both B Decay and Diff EOS predict generally higher values of χ eff than Standard, extending the high end to 0.05. But they change the shape of π(χ eff ) in a different way. For Diff EOS, the larger NS radii allowed by PAL1 slightly pull the distribution towards higher values. For B Decay, the peak position gets shifted such that there is essentially no support for χ eff = 0. Although the differences among four models are subtle, they may be resolved with a sufficiently large number of events as demonstrated in Sec. IV A. In particular, the peak position of π(χ eff ) in B Decay depends on τ B . We show in Sec. IV B that τ B can be constrained after hundreds of detections.
III. MEASUREMENT PRECISIONS OF EFFECTIVE SPINS USING ADVANCED GW DETECTORS
In order to compare the distributions of χ eff to the sensitivity of advanced detectors, we carry out MonteCarlo simulations. We assume the two-detector Ad-vanced LIGO network operating at design sensitivity 4 . Posterior distributions of signal parameters including χ eff are obtained using the parameter estimation code LALInference as part of the LSC Algorithm Library (LALsuite). We use the Markov-Chain Monte-Carlo engine [47, 48] in LALInference to perform stochastic sampling of signal parameter space.
We adopt the post-Newtonian TaylorF2 waveform model [49] [50] [51] [52] [53] [54] , which allows us to simultaneously account for the effects of spins and tides. Tidal effects are included via the dimensionless tidal deformability parameters Λ 1 and Λ 2 . To the leading order, they affect the GW phase evolution viaΛ, which is a massweighted combination of Λ 1 and Λ 2 and defined such that Λ = Λ 1 = Λ 2 when q = 1. In Table I , we list the values of tidal parameters for nine Galactic BNS systems assuming the AP4 EOS. Such calculations are carried out through the lalsim-ns-params functionality as part of the LALSimulation package.
We perform the analysis in the frequency range 30-2048 Hz as in the case of GW170817 [3] . Our adopted waveform model includes only the inspiral part of the complete inspiral-merger-ringdown signal. This is not expected to affect our results as the merger-ringdown occurs in a frequency band ( 1500 Hz) where the detector sensitivity degrades significantly: the signal to noise ratio (S/N ) decreases by 0.2% when reducing the high frequency limit to 1024 Hz. For the same reason, the abrupt frequency cutoff in the waveform model as investigated in [55] does not have a significant impact on our results.
Our choices of priors are: 1) the low-spin prior depicted as the black curve in Fig. 1 ; 2) uniform prior for component masses 0.6M < m 2 ≤ m 1 < 5.8M with further constraints such that 0.89M < M c < 1.63M and that q > 0.125; 3) uniform priors for Λ 1,2 between 0 and 3000. Note that Λ 1,2 = 0 corresponds to black holes and the upper bound is beyond the 90% confidence region found for GW170817 under the low-spin prior (see fig. 5 in [3] ). 4) The prior for sky location assumes an isotropic distribution on the sky.
Our next aim is to obtain the approximate scaling law between realistic measurement uncertainties of χ eff and S/N . We simulate a number of signals with component masses, spins (taking the conservative χ low eff ) and tidal parameters given in Table I for nine Galactic BNS. The luminosity distances are uniformly spaced between 100 and 300 Mpc. We set other parameters to be identical for different signal injections. The right ascension (13 h 10 m ), declination (−23
• 23 ), and GPS time (1187008882) are chosen to match those of GW170817. The inclination angle ι, the polarization angle ψ, and the phase at coalescence φ c are all (somewhat arbitrarily) set to zero as they are not expected to impact on χ eff measurements.
FIG. 2.
Posterior probability density distribution of χ eff generated by analyzing Monte-Carlo data using LALInference. The data consist of a BNS signal at 200 Mpc added to Hanford and Livingston design sensitivity noise. The blue curve is the Gaussian distribution with mean and standard deviation determined from posterior samples. The black dash-dotted curve is the prior distribution. The red vertical line marks the true injection value. In each panel we list the pulsar name of the Galactic BNS (see Table I ), standard deviation (σχ) of posterior samples and S/N of each signal injection.
As a first step, we inject signals into zero-noise data to obtain posterior distributions that are independent of specific noise realizations. It is important to note that in Fig. 2 the PSR J1913+1102 injection has the worst χ eff measurement precision despite the highest S/N . This can be attributed to the correlations of χ eff with other parameters. In Fig.  3 we show the marginalized 2-D posterior distributions for χ eff , q, M c andΛ for PSR J1946+2052 (left panel) and PSR J1913+1102 (right panel). The two systems represent the two extreme ends in Table I for q, M c andΛ. It can be seen from Fig. 3 that there are clear correlations for χ eff -q and χ eff -M c . The fact that PSR J1913+1102 has the lowest q, with the true value located in the long tail of χ eff -q correlation, leads to the worst spin measurement among all nine Galactic BNS (placed at the same distance). This in turn results in a slightly worse chirp mass measurement due to the nearly linear χ eff -M c correlation than PSR J1946+2052. In contrast, we find χ eff -Λ and M c -Λ are only weakly correlated.
In Fig. 4 , we plot σ χ measured from LALInference simulations as a function of S/N . We add signals to Gaussian noise characterized by Advanced LIGO design sensitivity. For comparison with GW170817, we also include injections into noise consistent with LIGO's second observing run O2. Red symbols are results for injections of the Double Pulsar type of signals placed at different distances. The measurement precisions with O2 sensitivity (red plus symbols) are found to be comparable to 5 that of design sensitivity (red circles) at the same S/N . We find realistic χ eff measurement uncertainties at Advanced LIGO design sensitivity can be described by the following relation
where the exponent is from a fit to zero-noise simulations for the Double Pulsar, and the mean uncertainty and the scatter are found by extrapolating measurements of all Galactic BNS at design sensitivity (black diamonds in Fig. 4 ) to a S/N of 15. We find systems with lower q generally have larger measurement uncertainty for the same S/N (see also Fig. 2 ), whereas the scaling relations for different systems are very similar. The mean scaling relation is depicted by a blue curve in Fig. 4 . Interestingly, one obtains a different scaling relationship for binary black holes for which Λ i = 0. Repeating the same analysis using binary black hole waveforms [56] , we find σ χ ∝ (S/N ) −1 given a fixed mass ratio (q = 0.933). The slower improvement of χ eff measurement precisions while increasing S/N for BNS can therefore be attributed to correlations between χ eff with tidal effects as shown in Fig. 3 . A detailed investigation of this feature will be included in a future work.
For comparison, we also show the actual measurement of GW170817 as a green square in Fig. 4 . It lies above the blue curve by about 10% after accounting for the scatter. This can be explained with the following factors: 1) calibration uncertainties of real data, which is typically 10% [3] , and 2) subtraction of the glitch that was superposed on the signal in the LIGO-Livingston data could have impacted the uncertainties for parameter estimates. In the next section, we scale up Eq. (3) by 10% to be more compatible with GW170817. We show in Fig. 4 gray dots as our simulated χ eff measurements. The probability distribution of S/N is p(S/N ) ∝ (S/N ) −4 for events uniformly distributed in the detector's sensitive comoving volume with other parameters properly randomized [57] . Note that events with a network matchedfilter S/N < 12 are excluded because they fall below the threshold necessary for unambiguous detection [58] . The median S/N in our samples is 15.
FIG. 4. The standard deviation (σχ) of posterior distribution of χ eff as a function of signal to noise ratio (S/N ).
Shown here are measured by running parameter estimation code LALInference on Monte-Carlo data at Advanced LIGO design (black diamonds and red circles) or O2 (red plus symbols) sensitivity. The blue curve is a fit for results found for injections to zero-noise data. Gray dots represent the distribution of simulated χ eff measurements used in Sec. IV. The green square marks the GW170817 uncertainty under the lowspin prior [3] .
A. Prospects of detecting NS spins
Here we investigate the prospect of detecting NS spins in GW events. First, we compare χ eff measurement precisions derived previously with the effective spins of Galactic BNS systems at the time of merger (Table I ). In Fig.  5 , we show the luminosity distance out to which χ eff can be measurable at the 90% (1.6-σ) confidence level for a two-detector Advanced LIGO network operating at design sensitivity. Blue open circles are Galactic BNS systems, taking the conservative values of χ low eff listed in Table I. We assume an optimal binary orientation (cos ι = 1 which allows the maximum S/N ) and all systems are placed at the sky location of GW170817. To compute the distance, we extrapolate measurement uncertainties found in the previous section for injections at 200 Mpc onto zero-noise data using the σ χ ∝ (d L ) 0.41 relation to the distance that gives σ χ = χ low eff /1.6. The size of the blue circles are proportional to the relative merger rate R (see Table I ) of the particular system. The red square with downwards arrow indicates the 90% confidence upper limit for GW170817. We add a second y-axis for the spin frequency of the recycled NS in Fig. 5 to relate χ eff to radio observations. The conversion from χ eff to the spin frequency employs the average mass of six recycled pulsars shown in the plot (1.37 M ) and χ eff = χ 1 /2, i.e., assuming χ 2 = 0 and m 1 = m 2 ; see Eqs. (1-2).
FIG. 5. A schematic diagram
showing the sensitivity of Advanced LIGO to measure χ eff . dL is the approximate luminosity distance out to which χ eff is measurable at the 90% (1.6-σ) confidence level. Galactic BNS systems (blue circles) are placed at the sky location of GW170817 and assumed to be face-on (which allows the maximum S/N ). Also shown is the published 90% confidence upper limit for GW170817. A second y-axis shows the spin frequency of the recycled NS.
To properly compute the fraction of future BNS detections with measurable effective spins, we simulate BNS events, each characterized by three quantities: χ eff , S/N and σ χ . We generate Monte-Carlo samples of χ eff according to distribution models illustrated in Fig. 1 , and of S/N according to p(S/N ) ∝ (S/N ) −4 . We assign each event with a Gaussian measurement uncertainty given by Eq. (3) but scaled up by 10%. Gray dots in Fig. 4  represent 10 4 simulated events. We find the fraction of events with χ eff ≥ 1.6σ χ to be 13% for Standard, 20% for B Decay, and 25% for Diff EOS with typical fluctuations of about 2%. This is in good agreement with Fig. 5 . For PSR J1946+2052 types of systems, spins are measurable just beyond 300 Mpc. For spins represented by the Double Pulsar and PSR J1757−1854, we can probe up to about 100 Mpc. A naive estimate is one out of nine systems should possess measurable χ eff in the standard case. However, our fiducial models treat each Galactic system as equally representative of the true BNS population. Given the relatively higher merger rate for these three fastest-spinning systems (as indicated by the size of the blue circles in Fig. 5 ), it is possible that a larger fraction of merging BNS have measurable spins.
IV. BAYESIAN INFERENCE
In this section, we present a Bayesian formalism to infer BNS population properties from GW measurements of χ eff . In Sec. IV A, we demonstrate how GW measurements from an ensemble of detections can be used to carry out model selection, thereby allowing us to differentiate between the different models in Fig. 1 . In Sec. IV B, we show how to constrain the magnetic field decay timescale using a large number of detections.
A. Model selection
Let L(h| ϑ) be the likelihood of GW data h given BNS parameters ϑ. The GW parameter space includes 17 or more parameters including, e.g., inclination angle, luminosity distance, and component masses. Here, however, we are only concerned with χ eff . Thus, we marginalize over every parameter except χ eff to obtain a marginalized likelihood function L(h|χ eff ).
The Bayesian evidence for a model M given the data h is
where π(χ eff |M ) is the conditional prior distribution for χ eff given a model M ∈ {Standard, Iso Spin, B Decay, Diff EOS}. Rewriting Eq. 4 in terms of posterior samples [59] , we obtain
Here, the index i runs over n k posterior samples, each corresponding to a different value of χ eff ; see also Eq. (7) in [32] . The distribution π(χ eff |LAL) is the prior used by LALInference in order to obtain the initial set of posterior samples. It appears in Eq. 5 in order to convert the posterior distribution output by LALInference into a likelihood. The total evidence from N detections is simply the product of the evidence for each detection:
The Bayes factor (BF) comparing model M 1 and model M 2 is given by
Following convention [59] , we impose a threshold of ln(BF) = 8 (∼ 3.6σ) to define the point beyond which one model is significantly favored over another.
In order to demonstrate model selection, we carry out Monte-Carlo simulations as described in Sec. III A. To speed up the analysis, instead of running each signal injection with LALInference which is computationally very expensive, we assume the likelihood function L(h|χ eff ) is described by a Gaussian distribution with width σ χ
where the mean χ ML eff is the maximum-likelihood estimate for a particular random noise realization. Each value of χ ML eff is generated by adding a normally distributed random number (variance = σ 2 χ ) to the true value of χ eff . We use the scaling relation between σ χ and S/N described in Sec. III and visually depicted as gray dots in Fig. 4 .
Then, we calculate two Bayes factors (plotted in Fig. 6 as a function of the number of events): Standard / Iso Spin (blue) and Standard / Diff EOS (black). The colored lines show the median value while the shaded area indicates the 1-σ confidence region.
When ln BF 1,2 8, we are able to clearly distinguish between the Standard model and the two alternatives considered here. The blue curve shows that advanced detectors can distinguish between Standard and Iso Spin after ≈ 30 events. The black curve shows that advanced detectors can distinguish between Standard and Diff EOS after ≈ 250 events. The Bayes factor of Standard / B Decay is similar to that of Standard / Diff EOS shown here. We study this model in a different way below. 
B. Constraining magnetic field decay
Given an EOS, one can construct a posterior for the magnetic field decay timescale
Here π(τ B ) is the prior distribution for τ B , which is assumed to be log-uniform on the interval (1 Myr, 10 4 Myr). Note that such a wide prior is used only as an example to test our method and does not fold in any theoretical or observational information. Our primary purpose here is to demonstrate how many GW detections are required to place interesting constraints on τ B using GW data alone. The distribution π(χ eff |M, τ B ) is the conditional prior for χ eff given model M and the decay timescale τ B . An example conditional prior is represented visually in Fig. 1 for model B Decay with τ B = 170 Myr.
Marginalizing over χ eff , we obtain a posterior on τ B . In practice, we do not carry out an integral over a continuous variable; we sum up posterior samples. The discrete version for Eq. (9) is
Generalizing to N events, the posterior for τ B becomes
Here, χ i,k eff represents the i th posterior sample from the k th event. Following the same procedure described in Sec. IV A, we generate an ensemble of detections. Events are generated using the B Decay model with the true value of τ B = 170 Myr. In order to infer τ B using Eq. (11), we generate π(χ eff |M, τ B ) for a vector of τ B equally spaced in log space between 1 Myr and 10 Gyr. Figure 7 shows the posterior distribution p(τ B |h, M ) inferred from 300 events. The true value τ B = 170 Myr is marked with a red vertical line. We repeat the simulation 100 times to illustrate cosmic variance. In each realization, we draw a new set of values for χ eff and S/N and assign new measurement uncertainties from gray dots from Fig. 4 ; the corresponding posterior distributions are shown as blue dotted curves. The black solid curve shows the mean posterior from 100 simulations. For ≈ 95% of noise realizations, the true value of τ B is recovered within the 2-σ confidence interval. In this example, we find that τ B can be constrained to be between 30 Myr and 1 Gyr with 95% confidence after 300 detections.
V. DISCUSSION AND CONCLUSIONS
The detection of the BNS inspiral event GW170817 has opened up new opportunities to study NS physics. In the   FIG. 7 . The mean posterior distribution (black solid curve) and individual distributions for 100 random noise realizations (blue dotted curves) of the magnetic field decay timescale τB recovered using 300 events. The red vertical line marks the true injection value.
next five years, observations of similar events will become increasingly more frequent as Advanced LIGO/Virgo approach their design sensitivities and new detectors such as KAGRA [60] and LIGO-India [61] start to operate. As advanced detectors observe tens, and eventually hundreds, of BNS inspirals, it will be possible to make inferences about NS population properties. We demonstrate that GW measurements of spin will have implications for the typical spin tilt angle of NS after tens of detections and for the NS magnetic field evolution or EOS after hundreds of observations.
In this proof-of-concept analysis, we rely on a set of fiducial models. The models are constructed to be consistent with radio pulsar observations, but they do not necessarily represent the full range of allowable parameter space. While the fiducial models are suitable for illustrative purposes, the next step in this program is to develop a more nuanced model, which does allow for the full range of possible initial conditions. It should be possible to then combine all available radio and GW data within a single Bayesian framework, yielding optimal constraints on NS evolution.
We find that at least one and up to three out of nine known Galactic BNS systems that will merge within a Hubble time have spins detectable at 90% confidence by Advanced LIGO operating at design sensitivity. The true fraction of BNS with measurable spins may be higher since short-lived binaries like these three systems are less likely to be observed in radio. Our fiducial model does not account for selection effects associated with the detection of radio pulsars in BNS systems. We assume that Galactic BNS detected in radio are representative of merging binaries detectable with GWs. In future studies, it will be necessary to carefully include all selection effects in a formulation that attempts to combine GW and radio data.
In this work, we focus on BNS systems formed via the isolated binary evolution channel. It is generally believed that there is insufficient time for the recycled NS to reach ms spin periods and the second NS spins down much faster and thus makes no contribution to effective spins at merger. While our fiducial models predict that nearly all merging BNS have |χ eff | < 0.05, binaries formed via dynamical captures could have much larger spins. Measurements of NS spins outside our fiducial model predictions will have interesting implications about their formation history.
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The coalescence time of a circular binary due to the emission of GWs is [62] T c,circ = 5c
where f 0 is the initial binary orbital frequency, M c is the chirp mass defined as M c = M η 3/5 , with M = m 1 + m 2 being the total mass, and η = m 1 m 2 /M 2 is the symmetric mass ratio. The coalescence time for an eccentric binary can be computed as [63, 64] T c = 15c
Here e 0 is the initial binary orbital eccentricity, the constant a 0 and the function g(e) are 
g(e)
For an eccentric binary, the orbital frequency and eccentricity coevolve as
where the function σ(e) is defined as 
Evolving the BNS systems listed in Table III that will merge within a Hubble time forward in time, we find that they are expected to be in nearly circular orbits (e 10 −5 ) when they enter the sensitive frequency band (f > 10 Hz) of ground-based interferometers in between 46 Myr and 2.7 Gyr.
Assuming magnetic dipole braking, the NS spin frequency evolution follows [65] :
where ω = 2π/P with P being spin period,ω = dω/dt. The torque parameter K is defined as [23] 
where B is the surface magnetic field strength, R is the NS radius which is determined by the EOS for a given mass, I is the moment of inertial, α is the misalignment angle between the magnetic dipole moment and spin axis.
There are a few notes worthy of mentioning here. First, Eq. (A8) is a convenient approximation to numerical results found in [23] . Second, there is a degeneracy between B and α. Since pulsar measurements collected here only allow us to infer K, we choose to fix α at 30
• . The exact value of α is not important as the overall spin-down behavior is determined by K. Third, the spin-down estimator of B can be derived from PṖ = 4π
2 K, where P andṖ are the spin period and period derivative, respectively.
The moment of inertial I can be computed as
The above equation is found as an empirical relation by fitting to a sample of EOS [66] . Assuming K remains a constant throughout the binary's lifetime, it is straightforward to show that the spin angular frequency at coalescence is:
where ω i andω i are the initial values of angular spin frequency and its time derivative, respectively.
It is possible that the NS magnetic filed decays exponentially over time [24, [67] [68] [69] [70] 
where τ B is the magnetic field decay timescale. Under this decaying-B field model, the final spin frequency is
Appendix B: Construction of initial distributions
In this section we describe the construction of our models for the distribution of BNS parameters at birth π( ξ 0 ). The models are fully motivated by pulsar observations of currently known Galactic BNS systems. These observations are summarized in Table III , including current and final (i.e., when binary merges) spin periods, the corresponding dimensionless spin magnitudes, binary orbital period and eccentricity, coalescence time, characteristic age and surface magnetic field strength, masses of the pulsar and its companion.
In our fiducial model, each binary consists of a recycled NS and a "normal" NS. Here "normal" means that it is born with a period of 10 ms but quickly spins down to O(1) seconds period over ∼ 10 Myr [81] . PSR J1906+0746 is considered to be normal because it is a young (∼ 100 kyr) pulsar with much higher spin-down rate 2 × 10 −14 [82] . Table IV summarizes initial distributions. We describe the details below.
We first derive a model for NS mass distribution from 11 BNS systems that have precise component mass measurements. To represent the full range of mass ratio between the recycled NS and its companion, we fit separately a two-Gaussian model to 11 measurements. For the recycled NS, the main peak of the mass distribution is centered around 1.34 M and the second around 1.48 M , with weight of approximately 60% and 40%, respectively. For the nonrecycled NS, two comparable Gaussian components are centered around 1.23 M and 1.37 M , respectively. Given these mass distributions, 90% of our simulated BNS have 0.8 ≤ q ≤ 1. Note that we treat the recycled NS instead of the more massive one as the primary star, so it is possible that the primary is less massive, which corresponds to ≈ 25% of all BNS. This fraction is in excellent agreement with Table III where 3 out of 11 binaries with definitive component mass measurements have a less massive recycled NS.
We assume P b is uniformly distributed in the range of (0.01, 0.5) days. This roughly corresponds to the range of measured orbital periods of Galactic BNS systems that will merge within a Hubble time, except that we extend to below the shortest orbital period of these binaries. Current searches for radio pulsars in relativistic binaries are limited to orbital periods longer than a few hours. The exact value of the lower cut for P b has no significant impact as the population is dominated by systems in wider orbits. We assume that the initial orbital eccentricity (e 0 ) is also uniformly distributed. Figure 8 provides an intuitive picture about the initial distributions of BNS parameters in our fiducial model. Blue dots mark the positions of synthetic BNS systems, whereas open circles represent known Galactic systems. Red (green) circles are for binaries that will (will not) merge within a Hubble time.
In the top panel of Fig. 8 , we show the the distribution in the P b − e 0 space for our simulated BNS systems. In the GW-driven regime, P b and e 0 coevolve following equations (A5-A6). This is indicated by magenta and black curves, which cross J1913+1102 and J1757−1854, respectively. We use these two curves to exclude binaries with either very short birth orbital periods and high e 0 (top-left corner) or long periods and low e 0 (bottom-right corner), as both are shown to be unlikely based on pulsar observations. Magenta and black curves, together with P b limits, lead to a range of e 0 between 0.004 and 0.8.
In the middle panel of Fig. 8 , open stars indicate positions of recycled pulsars in BNS systems in the P b − P diagram. As one can see, there exists a linear correlation for log P b − log P P = 36 ± 14 ms (P b /days) 0.4 .
The above equation is found by an empirical fit to 11 Galactic BNS systems in [13] while placing particular weight on the widest binary J1930−1852 and including qualitative differences of supernova progenitors for different BNS. Such a linear correlation is further confirmed by TABLE III. Spin periods and dimensionless spin magnitudes at the present (P and χi) and upon coalescence (P f and χ f ) for pulsars in known Galactic BNS systems. χ < 10 −3 is listed as 0 and P f > 10 s is considered as irrelevant in this table. We assume that the spin evolution is determined by magnetic dipole braking, the magnetic field does not decay and use the AP4 EOS. Also included are binary orbital period (P b ), orbital eccentricity (e0), coalescence time Tc, characteristic age (P/2Ṗ wherė P is the observed spin period derivative), magnetic field strength (B), the mass of the pulsar (mp) and its companion (mc). The total mass (Mtot) is listed when no definitive component mass measurement is available; in this case equal-mass is assumed for calculations. For PSR J1753−2240 we assume 1.34 and 1.23 M for mp and mc, respectively. Note that PSR J1906+0746 is a nonrecycled NS and its companion's mass is included in the fit for mass distribution of the recycled NS. TABLE IV. Summary of the birth distributions used to construct our fiducial BNS models described in Sec. II. P and B0 are the initial spin period and magnetic field strength for the recycled NS, respectively. P b and e0 are the birth binary orbital period and eccentricity, respectively. m1 and m2 are mass for the recycled NS and the secondly born NS, respectively. The two-Gaussian models for m1 and m2 distributions are obtained by fitting to mass measurements listed in Table  III . P follows a Normal distribution along the line of linear log P b − log P correlation given in Eq. (B1).
16 Galactic BNS systems shown in this plot (excluding PSR J1807−2500B). The mean correlation is depicted as a straight line in the middle panel of Fig. 8 . It lies below all red circles as it describes the relation at the birth of the second NS when slightly longer orbital periods and shorter spin periods are expected. We apply a lower cutoff of 4 ms for P as informed by PSR J1807−2500B. The magnetic field strength of the recycled NS at the time of the birth of its companion is assumed to follow a log-Normal distribution with a mean value µ log,B = 9.0 (8.8) and a standard deviation σ log,B = 0.4 for the AP4 (PAL1) EOS. Such a distribution is found to give a reasonable P −Ṗ diagram for recycled pulsars while taking into account the fact that pulsars generally have shorter spin periods and higher spin-down rates at an earlier time. This is demonstrated in the bottom panel of Fig. 8 . Because PAL1 allows relatively large NS radii, the required magnetic field strength to produce the same spin-down rate is lower; see Eq. (A8). This illustrates the covariance between the EOS and the magnetic field in probing NS spin evolution. Tighter constraints on the EOS will enable better understanding on NS magnetic field evolution through spin measurements.
